We developed and fabricated series arrays of overdamped SNS Josephson junctions for AC Josephson voltage standards (S: superconductor, N: normal conductor). The junctions are based on Nb x Si 1-x barriers allowing nearly independent tuning of critical current density and characteristic voltage by varying niobium content and thickness of the barrier. We optimised the junction barrier deposition for the co-sputtered Nb x Si 1-x so that we are able to fabricate Josephson junction series arrays with up to 69,632 junctions for output voltages up to 10 V under 70 GHz microwave irradiation. The width of the constant-voltage steps at 10 V exceeds 1 mA for a typical critical current of about 3 mA.
Introduction
Superconductive electronics is based on Josephson junctions. The wide range of applications requires Josephson junctions with very different sets of critical current density j c and characteristic voltage V c being the product of critical current and normal state resistance I c R n . Thus many applications use their own junction material combination to provide the required parameter set. Often the junction capacitance needs to be shunted by an external resistor to remove the strong hysteresis from the current-voltage characteristics of the junction. For AC Josephson voltage standards strongly overdamped Josephson junctions are of special interest for operation around 15 GHz (Josephson Arbitrary Waveform Synthesizer, JAWS) and 70 GHz (Programmable Josephson Voltage Standard, PJVS), respectively. Niobium junctions with an amorphous Nb x Si 1-x barrier are a promising candidate for both applications.
This high resistivity material, first studied as barrier material for Josephson junctions in 1987 [1] , offers two degrees of freedom to adjust the junction parameters: Barrier thickness d and Niobium content x. Therefore the electrical parameters of this type of Josephson junction can be adjusted over a wide range of critical current densities and characteristic voltages without any changes in the fabrication process. Due to the implementation of the Nb-Al-AlO x technology at the same time [2] in nearly all applications of Josephson electronics, junctions with Nb x Si 1-x barriers were not used until being rediscovered by NIST in 2006 [3] . Several electronics applications based on this junction type were subsequently demonstrated [4] . Within a cooperation between NIST and PTB 10 V PJVS circuits for operation at 70 GHz were successfully fabricated and tested [5, 6] . Since 2009 we are able to deposit Nb x Si 1-x so that the entire fabrication process can be done at PTB. Nb x Si 1-x -based Josephson junctions are now used for our PJVS as an alternative to the fragile SINIS junctions and for JAWS enabling higher characteristic voltages than the formerly used HfTi barriers. This paper presents some results of our developments of Nb x Si 1-x -based junctions and series arrays.
NbSi deposition
Nb x Si 1-x is co-sputtered using a silicon and a niobium target each mounted on a two inch DC magnetron sputter gun which allows the independent variation of the sputter powers and consequently the composition of the deposited layers. Both guns are tilted and point to a 3 inch wafer which is rotated at 20 rpm to increase the film homogeneity. The composition of the Nb x Si 1-x films is adjusted by varying the niobium sputter power while the silicon sputter power is fixed. We set the silicon sputter power to 125 W yielding deposition rates of about 9 nm/min. The niobium sputter power is varied between 14 W and 28 W with deposition rates between 0.8 nm/min and 1.6 nm/min. Nb x Si 1-x is known to have a metal-insulator transition at x=11.5% [7] . Thus R n is strongly dependent on the composition. We monitored the film composition by depositing about 200 nm of Nb x Si 1-x on germanium substrates and performing an energy dispersive X-ray (EDX) analysis. After each of those depositions several trilayers were grown and processed. By comparing Nb x Si 1-x films whose composition lead to desired junction parameters with newly deposited films we were able to detect deviations in the film composition.
Circuit fabrication
All samples are prepared using a classical window process as described in [5] . The trilayers are deposited on thermally oxidised 3 inch silicon wafers as follows: After a brief RF surface cleaning step the 160 nm thick base electrode is sputtered using a 4 inch Niobium source at 500 W. The wafer is then transferred to the co-sputter chamber without leaving the ultra high vacuum environment. A second brief RF surface treatment is done and the barrier layer is deposited. The 80 nm thick top electrode is grown in the co-sputter chamber by setting the silicon source power to zero and the Niobium source power to 500 W. To further reduce target erosion and thus drift of the deposition rate we plan to switch the top electrode deposition to the first chamber with the 4 inch target.
All patterning steps are done by UV lithography. After trilayer deposition the Josephson junction resist mask is patterned. Etching is done using an inductively coupled plasma reactive ion etching (ICP-RIE) process with SF 6 causing similar etching rates of Nb and Nb x Si 1-x . Then the base electrodes are patterned in a similar way. Afterwards the structures are covered with 400 nm of SiO 2 by plasma-enhanced chemical vapour deposition (PECVD). Vias are etched through the silicon dioxide using a CHF 3 based ICP process. The resulting structure is covered with 560 nm of niobium to provide a wiring layer which is again patterned using our SF 6 based ICP process. All test samples were processed up to this point.
The wafers designated for the voltage standard were now covered with 1.2 µm of SiO 2 by PECVD as a dielectric for a microstripline. A 200 nm Nb microwave ground plane is deposited on top and patterned with the ICP SF 6 process. Then the microstriplines are terminated with a 300 nm AuPd film as part of the ground plane using lift-off. Finally the SiO 2 -covered contact pads of the circuit are made accessible using a resist mask and a NH 4 F based wet etchant.
Electrical measurement results
In the first stage of the evaluation of Nb x Si 1-x junctions we determined the dependence of critical current and characteristic voltage on barrier composition and barrier thickness over a wide range. The collected junction parameter data are shown in Fig. 1 . The fabricated junctions cover a range of more than three orders of magnitude in critical current density and three orders of magnitude in characteristic voltage. Additionally lines of constant Nb sputter power were added to Fig. 1 to illustrate constant composition of the Nb x Si 1-x layer. Along these lines the barrier thickness decreases from left to right.
After having found a suitable fabrication recipe for the trilayers we fabricated arrays for PJVS and JAWS. The desired junction parameter window for PJVS is 2-3 kAcm -2 and 130-160 µV whereas for JAWS 25-30 kAcm -2 and 25-35 µV are targeted as highlighted in Fig. 1 . A typical current-voltage characteristic (IVC) of a 10 V PJVS array is shown in Fig. 2 . The black curve was measured without microwave irradiation while the red curve was measured under 70.7 GHz microwave irradiation with approximately 60 mW RF power at the antenna. The circuit exhibits a small hysteresis vanishing under microwave irradiation. The first step at the 10 V level is 1.2 mA wide. Some sub-arrays of the circuit even display a first step width of 2.2 mA. In this circuit only 3 out of 69,632 junctions are not contributing to the voltage, but many other arrays showed not a single missing junction which is a significant yield improvement compared to our formerly used SINIS junction technology. The AC operation of PJVS circuits requires overdamped junctions which show little or no hysteresis in their IVC. This behaviour depends on the product of junction capacitance C and normal-state resistance R n . To estimate the degree of damping in our junctions used for the PJVS we examined the junction capacitance with a method proposed by Magerlein [8] using LC resonances in a vertically oriented DC SQUID loop. We fabricated several SQUIDs with junctions of the sizes 3.5 µm², 9.2 µm² and 15.6 µm². The measured junction capacities range between 2.0 pF and 6.3 pF. We calculated relative permittivity values between 517 and 409 which are in good agreement with the values evaluated by the NIST [9] . Currently we have no explanation for the very high relative permittivity of the barrier. Further research has to be done to study the composition dependence and the electrical properties of the barrier material to shed light on the source of this effect.
Conclusions
We optimized the deposition conditions for co-sputtered Nb x Si 1-x films. This enables us to fabricate Josephson junctions with Nb x Si 1-x -barriers well-suited for our AC voltage standard circuits. For the first time we fabricated 10 V PJVS arrays with all 69,632 junctions contributing to the generated voltage. Also our overall fabrication yield was significantly increased by switching to Nb x Si 1-x -based junctions. Although already suitable for our large area PJVS arrays the homogeneity of the co-sputtered films needs to be improved to reduce the parameter spread across the wafer. A better homogeneity is needed for junction stacks which can reduce the circuit size or increase the total junction number without any design change. In some of our arrays not all junctions contribute to the output voltage which results from lithographic errors during the fabrication process.
Our experiments clearly demonstrated the versatility of this type of junctions. By varying the niobium sputter rate in an interval of only 10 W and selection of suitable barrier thicknesses we were able to fabricate Josephson junctions with critical current densities and characteristic voltages ranging over three orders of magnitude respectively. This enables the use of this junction type for various superconductive electronics applications. Due to the non-insulating barrier these junctions are overdamped and show a non-hysteretic current-voltage characteristic. This obsoletes external shunt resistors allowing shrinking of the circuit size. Recently junctions with Nb x Si 1-x barriers were also applied to generate sub-terahertz radiation [10] . This multitude of applications shows that the authors of the first paper on this junction type did not exaggerate when stating that this junction type has "the prospects for truly excellent characteristics" [1] .
